ABSTRACT: In this paper we report the optical properties of fluorescein-conjugated gold nanoparticles (GNPs) in solid phantoms using diffusion reflection (DR) and fluorescence lifetime imaging microscopy (FLIM). The GNPs attached with fluorescein in solution were studied by fluorescence correlation spectroscopy. The intensity decays were recorded to reveal the fluorescence lifetime of fluorescein while in the near-field vicinity of the GNPs. The DR method was used to explore the solid phantoms containing GNPs, indicating the light propagation from the surface of solid phantoms. The resulting DR slopes of the reflected intensity showed the higher the GNP concentration, the bigger the slope. Fluorescence intensity, lifetime, and anisotropy images of solid phantoms were investigated by FLIM. The exploration of optical properties and molecular imaging combined with DR and FLIM methods is a new approach that has not been established until now. The combined DR−FLIM technique is expected to provide discrimination based on unique spectroscopic fingerprints of GNPs that could be utilized for cell imaging. This paper includes a combined study with a variety of methods, which may lead to multimodal imaging for surfaces (by FLIM) and deep penetration (up to cm by the DR) together.
B
ioimaging systems have numerous applications in industrial, consumer, and medical settings. Assembling a complete bioimaging system requires the integration of optics, sensing, image processing, and display rendering. 1 The goal of multimodal imaging is to provide a complete picture of a specific tissue in the human body. The image should allow seeing anything present in that specific tissue on the surface as well as inside the tissue: its size, its exact location, and its metabolic activity. It should also allow analyzing the metabolic activity of surrounding tissues. By this one can evaluate any abnormalities or changes in the function of those tissues as a result of a condition or a tumor or any other medical complication. This paper suggests a new multimodal bioimaging technique based on diffusion reflection (DR) of tissues with gold nanoparticles (GNPs) as contrast agents for deep-volume imaging with fluorescence lifetime imaging microscopy (FLIM) techniques for surface imaging.
There are several techniques for determining the optical properties of tissues. The majority of these are photometric techniques, using light to probe the tissue. Indirect methods involve measuring parameters (e.g., reflection and transmission) from which the fundamental coefficients are obtained by solving an "inverse problem" based on a model of light propagation in tissue. Another type of technique is indirect measurements in bulk tissue samples, using the "added scattered and/or absorber" method. The development of biocompatible GNPs for in vivo molecular imaging is an area of current interest in biomedicine, engineering, and chemistry. 2−4 Because of their nontoxicity to living cells, 5, 6 biocompatibility, and favorable optical properties, such as an enhanced absorption cross-section 7 and adjustable scattering properties, 8 GNPs serve as promising agents for diagnostics and treatment of carcinomas. Several imaging methods have been developed using GNPs as contrast agents, e.g., X-ray, 9 computed tomography (CT), 10 surface-enhanced Raman scattering (SERS), 11 photoacoustic tomography (PAT), 12 and photothermal imaging. 13, 14 Although X-ray and CT have been proven to be useful in whole-body imaging at relatively high spatial resolution, they do so using ionizing radiation with its associated patient risk. 15 SERS, PAT, and photothermal imaging have recently been used for detecting GNPs under in vivo conditions. 11−13 Copland et al. 16 used PAT to image gold nanostructures to a depth of 6 cm in phantom experiments using near-infrared (NIR) light. However, PAT and photothermal imaging use high-power laser intensity (∼15 mJ/cm 2 ), which might cause some thermal effects to the surrounding tissue.
Among these sophisticated optical methods, DR spectroscopy is a simple, safe, and easy-to apply diagnostic technique that has the potential to provide important morphological information about biological tissues without requiring high radiation intensities or high penetration depth (up to 1 cm depth). 17−20 This noninvasive method is based on the measurement and investigation of the reflected light intensity (Γ) profile of an irradiated tissue at several light source− detector distances (ρ). 21, 22 This method is also inexpensive, and its utilization and improvement can be of high importance. Using the GNPs as an "added-absorber" to the tissue and applying the DR as the model for fitting the optical properties, the measurements of the optical properties of tissue can be accomplished. Gold nanorods (GNRs) are of great interest for optical imaging due to their remarkable absorption and scattering in the visible and NIR regions enhanced by surface plasmon resonance (SPR). 23 GNRs comprise a NIR absorption band region between 700 and 900 nm, a spectral window that permits photons to penetrate biological tissues with relatively high transmission.
In contrast to traditional imaging methods based on fluorescence intensity (FI), FLIM provides contrast according to the fluorescence decay time. FLIM is a highly advanced spectroscopic method valuable for biological and biomedical applications. 24, 25 Standard methods used in the biosciences are steady-state techniques based on the analysis of the total fluorescence signal originating from the sample. The steadystate methods that are employed in the study of cells and tissues usually are for visualization purposes and are frequently inadequate for the quantitative investigation of cellular function at the molecular level. FLIM is becoming more widely used for quantitative studies of cellular functions and biomedical applications including tissue morphology and high-density protein arrays. Spatial resolution of intracellular structures is possible in images that provide both temporal and spatial information on changes in the fluorescence lifetime (FLT) of fluorescently labeled components. The structural and biochemical processes can be observed and quantitatively analyzed.
24, 25 The image contrast in FLIM is generated based on the fluorescence at each pixel, which is not dependent on total intensity or fluorophore concentration.
Our DR measurements have proved to be a successful tool for the detection of head and neck cancer, 26, 27 which is a subcutaneous tumor. 28 In this work, we extend our method by the use of the FLIM method for surface imaging detection and, at the same time, deep-volume GNR imaging. This paper presents a first step toward developing a state-of-the-art multimodal molecular bioimaging system using DR and FLIM techniques that include fluorescein-conjugated GNPs or GNRs constructs. We have designed specifically these nanoparticle-conjugated fluorophore constructs so that the same imaging probe can be used for DR and FLIM measurements. Subwavelength-size GNPs or GNRs display unique optical properties due to plasmons. 29 Our approach of metal nanoparticle-conjugated fluorophores for combined DR and FLIM is generic since the probes can be chosen based on the wavelength region, and plasmon wavelengths can also be tailored depending on the shape and size of the metal nanoparticles. 30−32 We observed the changes in FLT while the probe is in the near-field vicinity of the GNPs. It is important to mention that the changes in FLT or radiative decay rates occur due to the through-space interaction between the fluorophore and metal particle. 32, 33 These phenomena occur rather in short-range distances within 40 nm from the metal surface. 34, 35 It is advantageous to use a probe with a longer FLT, as the reduction of FLT in the presence of GNPs will be more significant and would be easier to measure quantitatively and relate with the GNPs' concentration. Here we used fluorescein, which has emission maxima at 510 nm with FLTs around 4 ns. 36 In order to simulate GNRs attached to deep tumors, we used GNR phantoms covered by tissue-like upper layers of fluorescence phantoms. GNRs were conjugated to fluorescence dye. The results suggest that this is a highly sensitive method for the detection of tumors based on FLIM (for the surface) and DR (for deep detection) measurements of GNRs.
■ RESULTS AND DISCUSSION
Gold Nanoparticle Fabrication. In the present study we used two types of GNPs: gold nanospheres (GNSs) and GNRs. The diameter of GNSs was ∼20 nm (Figure 1b) , and the GNR shape was 25 nm × 65 nm ( Figure 1c ). The GNPs were synthesized as described in detail in the Methods section.
Diffusion Reflection Measurements of Solid Phantoms. The reflected light intensity from four different solid phantoms was measured using the experimental setup described in the Methods section. The slope of ln(ρ 2 Γ(ρ)) was calculated, where Γ(ρ) describes the reflected light intensity at the phantom surface at several light source− detector separations (defined as ρ). Figure 2a shows that the slopes have a high correlation with the GNR concentration in the phantom: the higher the GNR concentration, the bigger the slope, indicating that the absorption in the sample is higher. Figure 2 suggests that Γ(ρ) has a strong correlation to the sample optical properties, such as the absorption coefficient μ a , due to the GNR concentration locating deep in the phantoms. The GNR concentrations in the phantom were different, so one can expect that their ln(ρ 2 Γ(ρ)) slope would be different as well.
Fluorescence Measurement Validation for GNPs Conjugating to Fluorescein. Figure 3a and b present the FI decays of fluorescein and fluorescein conjugated to GNRs (5 μg/mL) in water. The single-component monoexponential fit using eq 5 in the Methods section to the FI decay of fluorescein yielded an FLT of 3.9 ns. The FI decay of fluorescein with GNRs ( Figure 3b ) could be fitted only with a biexponential fit using eq 5 with an FLT of τ 1 = 3.9 ns with a contribution of 65% and τ 2 = 2.5 ns with a contribution of 35%. The amplitudeweighted FLT of fluorescein with GNRs (Methods section) is 3.45 ns. We have also observed a substantial decrease in amplitude-weighted FLT of fluorescein with GNSs (20 μg/mL) to 2.1 ns. The FI decay of fluorescein with GNSs could be fitted with a biexponential fit with an FLT of τ 1 = 3.4 ns with a contribution of 40% and τ 2 = 0.4 ns with a contribution of 60%.
To explore the properties of fluorescein and fluorescein with GNRs in aqueous solution, we have performed fluorescence correlation spectroscopy (FCS) measurements. FCS analyses using eq 2 yielded a diffusion coefficient of 410 μm 2 /s for fluorescein. Figure 3c shows the autocorrelation plot of fluorescein with GNRs. The autocorrelation plot in Figure 3c was fitted using eq 4, which yielded translational diffusion coefficients of D 1 = 410 μm 2 /s and D 2 = 5 μm Figure 5a displays the scanning confocal steady-state fluorescence anisotropy (FA) image of a solid phantom with 100 μM fluorescein and 2 mg/mL of GNRs. In this case, the linearly polarized excitation laser excited the fluorescein−GNRs construct in a preferential way with the transition moments aligned parallel to the incident polarization. Anisotropy images in combination with FLIM can provide more detailed information about the construct as well as the microenvironments in solid phantoms compared to the FI-only image. Since anisotropy images are acquired using a ratiometric approach, it is inherently insensitive to the variation in probe concentrations. The fluorescein−GNRs construct effectively gives the fluorescein a much larger size and therefore higher FA. The average anisotropy value is 0.35, as observed from the histogram shown in Figure 5c . The corresponding scanning FLIM image is shown in Figure 5b . The dark region in the image shows the localizations of fluorescein-conjugated GNRs, showing substantial reduction in the FLT. It is worthwhile to note that the FI also considerably decreased due to the quenched emission from fluorescein by the GNRs, as the synthesized GNRs has a strong absorption around 525 nm, shown in Figure 1c . The average anisotropy value is around 0.15 for a fluorescein phantom without GNRs. We have also performed anisotropy measurements of fluorescein-conjugated GNPs in solution. The anisotropy value is around 0.3 for 50 μM fluorescein at a GNR concentration of 5 μg/mL in solution. However, the anisotropy value is substantially decreased (∼0.05) for fluorescein with GNSs (20 μg/mL) in solution. This clearly indicates the substantial polarized emission from the fluorescein when conjugated to the GNRs compared to the GNSs.
■ DISCUSSION
The above results have demonstrated that a combination of FLIM and DR measurements reveals the GNPs' presence within phantoms. The FLIM measurements showed the localization of the GNPs in solid phantoms containing fluorescein and the change in FLT of fluorescein due to GNPs. Subwavelength-size GNPs display unique optical properties due to collective oscillations of electrons known as plasmons or surface plasmons. A subwavelength metallic particle can enhance the local field near its surface. This local field can result in increased rates of excitation of nearby fluorophores. A second and perhaps more important effect is an increase in the radiative decay rate of fluorophores near GNPs. This increased rate can result in higher quantum yields, decreased FLTs, decreased blinking, and improved photostability. In this study, we observed a decrease in FLT of the fluorescein in the near-field vicinity of the GNPs in solution as well as in solid phantoms. The photostability can be increased because a shorter FLT allows less time for adverse reactions to occur in the excited state and thus more excitation−emission cycles prior to photobleaching. Decreased FLT will also result in a decrease in blinking because there is less time for the fluorophores to go to the triplet state. Following the solution measurements one can notice that the FA is different for GNR constructs compared to the GNSs. It is wellknown that the more the rotational movement of the molecule is restricted, the higher the FA value and vice versa. 37 While the FA is low in solution and kept relatively low for the fluorescein linked to GNSs, the FA is high and indicates some restriction at the fluorophore movement near the GNRs. Further research needs to be performed in order to understand these results in greater detail. Such spectral changes observed near GNPs may have great potential for the use of fluorescence for cell imaging. The DRs have proved that the GNRs' optical properties are kept within the phantom. Therefore, targeted GNPs that specifically attach to tumor cells change the optical properties of those cells. Moreover, the DR measurements have shown that the absorption properties of the entire phantom are changed, yielding higher absorption, suggesting a complete change in a cancerous tissue's optical properties. This suggests further investigation of the dependence of the tumor size and GNP concentration on the detected signals (DR and FLIM). Since such DR and FLIM measurements are noninvasive, very simple to perform, and highly sensitive, it is a promising tool for targeted GNP-based tumor detection.
■ METHODS
Gold Nanosphere Fabrication and Fluorescein Binding. In this study we use two types of GNPs: GNRs and GNSs. GNSs with a diameter of 20 nm (Figure 1b) were made using sodium citrate according to the known methodology described by Enustun and Turkevich. 25 Figure 1a shows a schematic presentation of the process. In this method, 414 μL of 50% w/v of HAuCl 4 was mixed with 200 mL of distilled water; then the mixture was heated until boiling, followed by addition of 4.04 mL of sodium citrate. The solution was removed from the plate after cooling for 5 min. Once the solution reached room temperature, it was centrifuged until precipitation of the GNSs, and a clear suspension was obtained. Subsequently the GNSs were coated by poly(ethylene glycol) (PEG), 5% PEG7 (MW 458.56 g/mol) (Creative PEGWorks, Winston Salem, MA, USA), and 95% mPEG-SH (MW 5000 g/mol) (Creative PEGWorks). The coating was done by stirring together the GNSs, mPEG, and PEG7 for 2 h. Once the GNSs were coated with mPEG-SH and PEG7, they were divided into three samples before conjugation to fluorescein. The first sample was left as it was, and the second contained 7.5 mL of GNSs and 513 μL of a 1 mM fluorescein solution. The third sample contained 7.5 mL of GNSs and 513 μL of a 10 μM fluorescein solution. The samples were left to stir overnight in order to facilitate creation of hydrogen bonds between the PEG carbon chain and the fluorescein carbon chain. Finally the coated GNSs were purified by centrifugation. The solution was centrifuged until a clear suspension was obtained.
Gold Nanorod Fabrication and Fluorescein Binding. GNRs were synthesized using the seed-mediated growth method (Figure 1a shows a schematic presentation of the process). 26 The resultant shape was 25 nm × 65 nm (see Figure  1c) . Subsequently the GNRs were coated by 5% PEG7 (MW 458.56 g/mol) (Creative PEGWorks) and 95% mPEG-SH (MW 5000 g/mol) (Creative PEGWorks). The coating was done by adding to the GNRs mPEG and PEG7 and leaving it to stir for 2 h. Once the GNRs were coated with mPEG, mPEG-SH, and PEG7, they were divided into three samples before binding the fluorescein: the first sample contained 500 μL of GNRs (∼0.4 mg/mL) and 1.2 μL of fluorescein solution (50 μM), the second sample contained 500 μL of GNRs (∼0.4 mg/ mL) and 1.2 μL of fluorescein solution (100 μM), and the third sample contained 1000 μL of GNRs (∼0.4 mg/mL) and 1.2 μL of fluorescein solution (50 μM). The samples were left to stir overnight in order to facilitate creation of hydrogen bonds between the PEG carbon chain and the fluorescein carbon chain. Finally the GNRs were purified from total solution after the solution was centrifuged for 3 min at 13 400 rpm.
Solid Phantoms. Solid phantoms were prepared using 10% Intralipid (IL) (Lipofundin MCT/LCT 20%, B. Braun Melsungen AG, Germany) as a scattering component, 3% India ink 0.1%, as an absorption component, and 5% fluorescein solution (1 mM) (prepared by dissolving flourescein disodium (Sigma) in water). Agarose powder 1% (SeaKem LE Agarose, Lonza, USA) was added in order to solidify the solution into gel. It is important to note that all phantoms had the same IL and India ink concentrations, so that their initial absorption coefficient (μ a ) and the reduced scattering coefficient (μ s ′) were the same. Four types of phantoms were prepared according to the following steps. (1) GNR phantom preparation: Three GNR phantoms with a total volume of 200 μL were made using IL, India ink, fluorescein solution, agarose powder (as described above), and 82% GNRs. Each of them had a different sample of GNRs: one with GNRs (∼0.4 mg/mL) that were bound to a 50 μM fluorescein solution, one with GNRs (∼0.4 mg/mL) that were bound to a 100 μM fluorescein solution, and one with GNRs (∼0.8 mg/ mL) that were bound to a 50 μM fluorescein solution. The GNRs phantoms were made in 500 μL Eppendorfs and were cooled under vacuum to avoid bubbles. (2) Fluorescent basis phantom solution preparation: The solutions for four fluorescent basis phantoms with a total volume of 2 mL were made using IL, India ink, and fluorescein solutions as described above. The rest of the volume was completed with distilled water. Three of those phantoms were used as a basis for the GNR phantoms, and the fourth was used as a control. (3) Final phantom preparation: The GNR phantoms (already in the solid state) were transferred to cell culture plates (∼1.55 cm diameter), and the solutions of the fluorescent basis phantoms were added. Another cell culture plate was used for the fourth basis phantom. Eventually the complete phantoms were cooled under vacuum conditions. Diffusion Reflection Method. A noninvasive optical technique was designed and built (Negoh-Op Technologies, Israel) for DR measurements, as previously described. 26, 27 The setup included two laser diodes with wavelengths of 650 and 780 nm as excitation sources. Irradiation was carried out using a 125 μm diameter optic fiber to achieve a pencil beam illumination. We used a portable photodiode as a photodetector. The photodiode was kept in close contact with the phantom's surface to prevent ambient light from entering the detection system and to avoid potential light loss through specimen edges. The distance between the light source and the photodiode is ρ, and the initial distance was ∼1 mm. A consecutive reflected light intensity (Γ) measurement was enabled using a micrometer plate, which was attached to the optical fiber. The micrometer plate was moved by incremental steps of 250 μm each. As a result, the reflected light intensity was collected from 20 source−detector distances with ρ varying between 1 and 6 mm. The reflected intensity, Γ(ρ), in units of volts per mm, was collected using a digital scope (Agilent Technologies, Mso7034a, Santa Clara, CA, USA), and data were processed using LabView.
FLIM and Anisotropy Measurements. Observations of fluorescence were made with a scanning confocal PicoQuant MicroTime 200 microscope (PQ MT200) with time-correlated single-photon counting capabilities. The picosecond pulsed excitation laser (473 nm, 20 MHz repetition rate, 80 ps fwhm) was reflected by a dichroic mirror into an inverted microscope (Olympus, IX71). A water immersion objective (Olympus 60×, 1.2 numerical aperture (NA)) was used for focusing the laser light onto the sample and for collecting the fluorescence intensity emission from the sample. The FI signal that passed through the dichroic mirror and a band-pass filter (500−540 nm, Chroma) was focused through a 75 μm pinhole to singlephoton avalanche photodiode (SPAD) (SPCM-AQR-14, PerkinElmer Inc.) detectors. FI images were recorded by raster scanning the sample through the excitation light focus by means of a linearized piezoscanner. For anisotropy measurements, a linearly polarized laser (473 nm) preferentially excites the fluorescein or fluorescein-conjugated GNRs/GNSs with transition moments aligned parallel to the incident polarization vector. The resultant FI signals are directed into a GlanThompson polarizing cube beam splitter and finally to two SPAD detectors that measure the intensity of the fluorescence polarized both parallel and perpendicular to that of the excitation beam. Anisotropy was calculated using (I || − GI ⊥ )/ (I || + 2GI ⊥ ), where I || and I ⊥ represent the intensities in parallel and perpendicular polarization channels and the G-factor accounts for correction detection efficiencies in the parallel and perpendicular detection channels. All the analyses were performed using PQ Symphotime software.
Fluorescence Correlation Spectroscopy or Fluorescence Lifetime Correlation Spectroscopy (FLCS) Measurements. FCS or FLCS measurements were performed using a PQ MT200. The excitation laser (λ ex ∼473 nm) was reflected by a dichroic mirror to a water objective (60×, NA 1.2) and focused onto the solution sample. Calculations of timecorrelated single photon counting filtered autocorrelation of samples were performed with the PQ Symphotime software. The autocorrelation function of the FI is given by the product of the FI at time t, I(t), with the FI after a delay time τ, I(t + τ), averaged over a large number of measurements. The time t refers to the actual time the intensities are observed. We have collected the data for each sample for 60 s. The delay time τ is the difference in real time between measurements of I(t) and I(t + τ), typically in the range from 10 −2 to 10 2 ms. If the FI fluctuations are slow compared to τ, then I(t) and I(t + τ) will be similar in magnitude. That is, if I(t) is larger than the average intensity ⟨I⟩, then I(t + τ) is likely to be larger than ⟨I⟩. If the FI fluctuations are fast relative to τ, then the values of I(t) and I(t + τ) will not be related. The most commonly used autocorrelation function is given by
where G(τ) is the autocorrelation function of FI fluctuations.
The autocorrelation function for a diffusional model is given by
where G(0) is the amplitude when the delay time τ = 0 and D is the diffusion coefficient. The diffusion coefficient for the ith species traversing a 3D Gaussian volume with radius ω 0 and half axial height z 0 is given by 
The autocorrelation of multiple diffusing species is a linear combination of the autocorrelations for each species separately. 33 To fit with two species with the same brightness of detected photons per time interval, the diffusion model equation becomes 
The values of N 1 /(N 1 + N 2 ) and N 2 /(N 1 + N 2 ) are taken to represent the percentage of diffusing free fluorescein or fluorescein attached to GNPs, respectively.
The FI decays were analyzed in terms of the multiexponential model: (6) The values of α i and τ i were determined using the PicoQuant Symphotime software with nonlinear least-squares fitting. FLTs were estimated by fitting to a χ 2 value of less than 1.2 and a residual trace that was symmetrical about the zero axis.
